The ROC method usually used for image quality evaluation in medical diagnostics has a lot of advantages, however it is too complicated and inconvenient for daily medical practice. In this paper, a simple, rapid, and unbiased statistical approach is suggested as a method for evaluation of detectability of pathology simulators with small size and low contrast. The method takes into consideration both erroneous and true interpretations; within each are two types: false-positive P(Y /n) and false-negative P(N/s), and true-positive P(Y /s) and true-negative P(N/n). The methodology consists of the following steps: obtaining an image of a phantom, evaluation of the image by estimating the likelihood of test element presence in each of the numbered phantom areas ͑in percentage͒, comparing the real disposition of test elements with the results of the estimation, and calculating the various interpretation probabilities with very simple formulas. Assuming the distribution of photons corresponding to test elements and background are both Gaussian, one can obtain receiver operating characteristics ͑ROC͒ curves and curves of observer bias for over-and under-reading of test elements presence. Each of these curves is determined by the measurement of a single point. The suggested statistical method can be used for checking and adjusting imaging systems, selecting the physical and technical conditions of a diagnostic procedure, as well as for training and testing operators and physicians. Various designs of statistical phantoms are considered, and the merits of the suggested method and possibilities for its usage in quality assurance medical practice, particularly in x-ray diagnostics, are described.
I. INTRODUCTION
Statistical approaches and methods of receiver operating characteristic ͑ROC͒ analysis are now being used more widely in scientific research devoted to medical diagnostics. Although many publications describe various advantages of the ROC method and different situations where its benefits do not raise doubts, [1] [2] [3] [4] [5] [6] [7] [8] its use in daily medical and quality assurance practice is quite limited because it requires too much time for calculation, drawing, and analysis of ROC curves.
One of the most important applications of ROC analysis lies in its use as a method for evaluation of image quality and selecting the superior image out of several imaging modalities. The main characteristic of diagnostic capability of imaging systems is the ability to detect internal structure elements of small size and low contrast. Phantoms used in quality control and acceptance testing are usually made of tissue-equivalent material and include test elements ͑pathol-ogy simulators͒ hardly distinguishable in the output image. The minimal size of test elements detectable in an image is designated as a measure of the system detectability. The majority of standard phantoms have test elements arranged in a permanently fixed configuration, [9] [10] [11] that can be retained in the observer's memory and often lead to false evaluation of the system detectability. The response of the observer who knows the location of the test elements beforehand may be unduly influenced by an underlying bias. Thus, it may not be a fair test of observer perception. Furthermore, the method of constant stimulus 12 applied to standard phantoms does not take into consideration the uncertainty of the visual threshold which is noise dependent. The experience of the decisionmaker, his inclination to overdiagnoses or misses, and the noise characteristics of his visual system also have an influence on the received data. There are instrumental methods for medical image quality assessment. [13] [14] [15] [16] For instance, system characterizations using the modulation transfer function or noise ͑Wiener͒ spectrum are often referred to as objective data. However, the decision about the influence of the instrumental data on the image's clinical value is made by people. Therefore, the instrumental evaluation is also subjective. Furthermore, not all measured information contained in an image is essential, but only a part of it that may be perceived by the observer. For instance, the volume of information contained in the output image on an x-ray fluoroscopic screen is more than in the output screen of an image intensifier under the same conditions, yet because of the very low brightness of the fluoroscopic screen, a considerable part of the information is lost to a physician. Therefore, the introduction of image intensifiers to medical practice caused a revolution in radiology. Eventually, we have to evaluate the diagnostic capability of a system which consists of imaging apparatus and observer, where imaging modality is only a part of the system.
As was noted in the recent ICRU Report 54, the most rigorous method for providing an assessment of image performance, the only one allowing performance to be separated from the observer's bias, is the application of the ROC metrology. 17 This paper is devoted to a statistical method of image quality evaluation, based on the achievements of the modern signal detection theory and ROC analysis. The method combines simplicity and rapidity with reliable, unbiased, accurate, and scientifically grounded results. Various designs of statistical phantoms are discussed. The main consideration is given to the use of this method in radiology, but its universal features are emphasized.
II. THEORY
A photon beam forming a given image area of a research object does not provide a constant flux of photons in equal time intervals because of the random nature of the process of photons emission. The brightness B of the corresponding image area fluctuates around mean value B 0 in the Gaussian distribution, i.e., its probability density distribution is expressed by
where B and B 0 are the absolute values of brightness and B is the standard deviation of the brightness. Figure 1 shows graphs of probability density distribution of brightness. Here and in the following B is presented in standardized form, i.e., BϭB abs / B , where B abs is the absolute value of brightness. Curve 1 is the signal, i.e., the image of a pathology, and curve 2 is the background, i.e., the adjacent homogeneous area of the research object. The corresponding values of the mean brightness are B s and B n . The variances of signal and background brightness are approximately equal in the case of a pathology of small size and low contrast relative to the background. The signal-to-noise ratio ⌿ is defined as
and for assured detection of the pathology it is necessary that it should be above a certain value, e.g., above 4.
18
Every value of brightness may present either a signal or a background with different probability. A human eye fixes an approximate border between brightness of the signal and the background which depends on observing conditions, experience, and capability of the observer. This border is sometimes called the decision confidence threshold 4 or threshold level. 6 Let B d be the brightness value of the confidence threshold assumed by the observer. The probabilities of true signal detecting P(Y /s) ͑true-positive interpretation͒ and of false conclusion about its existence P(Y /n) ͑false-positive interpretation͒ will be defined with areas situated under corresponding curves on the right of B d . Their values can be found out with the aid of the normal probability distribution function ⌽(B):
where s (B) and n (B) are probability density distributions for the signal and the background, respectively; B d is a distance from the confidence threshold to the centers of distributions s (B) or n (B) for the case where is taken as a unit. The value B d can be defined with a graph ͑see Fig. 1͒ , where the axes s or n are used in the cases of signal or noise, respectively, the value ⌽(B d ) can be found in special tables. 19 The probabilities of true-positive interpretation P(Y /s) and true conclusion about signal absence ͑true-negative interpretation͒ P(N/n) are connected with probabilities of false-negative P(N/s) and false-positive P(Y /n) interpretations through
If we take P(Y /s) and P(Y /n) as two independent variables, which can be changed by changing the value of B d we can get the ROC curve, that is the graph of the function
It should be noted that P(Y /s) or P(Yes/signal) is the conditional probability of a ''yes'' answer when a signal takes place. P(Y /s) is often called sensitivity or true-positive fraction. P(Y /n) or P(yes/noise) named specificity or falsepositive fraction. 4 The use of Gaussian probability distribution for generating ROC curves is known. 1, 4 It is presented here for the illustration of the statistical approach in medical imaging quality evaluation as well as for the special application of generated ROC curve in a suggested method. 
III. METHOD
For drawing ROC curves obtained on the basis of abovementioned reasons it is enough to define coordinates P(Y /s) and P(Y /n) of only one point which belongs to the curve. It is much easier than drawing ROC curves with a standard method using several points and doing a long experiment. Besides, each point of the ROC curve calculated by the suggested method corresponds to the location of the border B d , selected by the observer. Knowing the coordinates of that point and using formulas ͑3͒ and ͑4͒, and the table for the values of the Gaussian distribution integrals ⌽(B) 19 it is possible to find displacement ⌬B d ϭB d Ϫ(B s ϪB n )/2 ͑Figs. 1 and 2͒, characterizing the inclination of the observer to overdiagnoses or misses ͑the dashed curves on the Fig. 2͒ . 20 ROC curves give a clear indication of true and false detection of details. Every curve corresponds to a pathology or its substitute with the certain size and contrast which is detected in defined physical and technical conditions with a given probability. The greater the detail size or better the examined device the higher the ROC curve is situated. The probability of true answer or diagnostic accuracy P det is calculated by means of P(Y /s) and P(Y /n) values:
P det is very useful for the quality inspection of diagnostic equipment. For example, if the given test element of a phantom was not detected with the given probability then the examined apparatus did not pass the test.
The simple and rapid statistical method offered here is intended for determining P(Y /s), P(Y /n), and P det . If it is necessary, one can find ⌬B d and the corresponding ROC curve by putting a point with coordinates P(Y /s) and P(Y /n) on the nomogram.
Test phantoms for realization of the method have to contain a number of identical area elements, part of which ͑as a rule 50%͒ includes one or more groups of identical pathology simulators placed arbitrarily, but no more than one in each area element. 21, 22 The size of the simulators should be so little that they can be hardly distinguished, and their locations must be unknown to the observer. To estimate detectability of an information system, the test phantom replaces a research object. After obtaining an image of the phantom on the screen of the system, film, or other recording device, the observer has to select a group of areas with test elements of a certain type and size and to estimate the probability of simulator existence in each area of the test phantom image. It is convenient to divide the results of the observation into five groups. The result is 100 if the observer is sure that the simulator is located in selected area element, 75-probably is, 50-uncertainly, 25-probably is not located, and 0-definitely is absent. Then it is necessary to compare results with the real presence of the simulators. From the conception of probability it follows that
where l is a quantity of area elements, m is a quantity of pathology simulators, A is the sum of scores assigned by the observer to areas where the simulators are really located, Z is the sum of scores assigned by the observer to areas without simulators. For example, in Table III Aϭ75ϩ100ϩ50 ϩ100ϩ75ϭ400, Bϭ0ϩ75ϩ25ϩ0ϩ25ϭ125. From Eqs. ͑8͒ and ͑9͒ a formula for P det is obtained:
͑10͒
For practical application of the method it is most convenient to select lϭ10, mϭ5. In this case Eqs. ͑9͒ and ͑10͒ are getting simplified:
In order to prevent the examiner from remembering the disposition of test elements, their positions must be changed.
IV. COMPARISON AND RESULTS
The suggested statistical method was compared with the traditional ROC method. In both methods, the answers were divided into five groups, but the ways for processing the results were different. Figure 3 shows a phantom made of two paraffin plates of 200ϫ200ϫ90 mm that was used for the experiment. A sheet of soft porous plastic ͑porolon͒ was placed between plates and divided with a wire net into 100 identical squares, 50 of which had arbitrarily located pathology simulators: Plexiglas™ balls of 2.0 mm diameter. The radiographs of the phantom were recorded on medical ''Agfa'' cut films ͑100 mm square͒ of different sensitivity. They were produced by means of ''Sizcam 100/2'' spot camera from output phosphor of x-ray image intensifier ''Sirecon-2'' connected to the ''Siemens'' x-ray apparatus when the x-ray tube operating potential was 80 kVp.
The ball presence likelihood was estimated on the radiographs for every 100 squares. The results of evaluation were divided into five categories according to confidence of the radiologist in ball presence: 5-the observer was sure that the simulator was located in the selected area element, 4-probably was located, 3-uncertainly, 2-probably was not located, and 1-definitely was absent ͑Table I͒. The answers were compared with the real ball disposition. In each category, the part of squares contained the ball, i.e., P(Y /s) and the part of empty squares P(Y /n) were defined ͑Table II͒ and so five points of ROC curve were obtained.
The ten squares disposed in one of the lines of the described test object containing five balls were used for receiving the data processed by the suggested method. For these ten squares only the categories 5, 4, 3, 2 and 1 were replaced by scores 100, 75, 50, 25, and 0, respectively. The test results for the low sensitivity film are shown in Table III .
According to formula ͑11͒ we obtained Aϭ400; Z ϭ125; P(Y /s)ϭ0.8; P(Y /n)ϭ0.25.
The same processing was repeated with the high sensitivity film, and the results are shown in Fig. 4 . The average optical densities for both high and low sensitivity films were 1.0.
One can see that the curves drawn by a trusted method using 100 squares and those obtained by processing of 10 squares of the test object according to formula ͑11͒ are in good agreement. The ratio of difference of the curves ordinates to their sum ␦ϭ͓ROC 1 (x)ϪROC 2 (x)͔/͓ROC 1 (x) ϩROC 2 (x)͔ for any value of argument is less than 5%. The detail detectability obtained with the high sensitivity film is less. That can be explained by its higher granulation and lower contrast factor. The phantom radiographs obtained on the high and low sensitivity films were estimated by eight independent observers having a quality control experiense in medical imaging. The films having the average optical density Dϭ1.0 were evaluated under the same viewing conditions. Maximum ␦ for the obtained ROC curves in this case was 7%.
The scores in Tables I and III represent the average scores of all eight observers. In the case of the low sensitivity film the mean, maximum, and minimum values of the probability of true answer were: P det mean ϭ0.775, P det max ϭ0.95, P det min ϭ0.70 respectively, standard deviation ␦ϭ0.045. In the case of the high sensitivity film those values were: P det mean ϭ0.725, P det min ϭ0.85, P det min ϭ0.675, respectively, standard deviation ␦ϭ0.041.
From the described experiment it is possible to assume that the practical assessment of detectability and determination of P det , P(Y /s), and P(Y /n) with the said accuracy can be made by a single experienced observer using ten area elements, thus, experimental time is considerably decreased and the phantom is simplier. It is not necessary to draw the ROC curve since its shape and position are determined by the coordinates P(Y /s) and P(Y /n) of only a single point. It is enough to put this point to the nomogram ͑Fig. 2͒ with the ROC curves drawn on the basis of Gaussian distribution. From this nomogram one can also find the radiologist's inclination to overdiagnoses or misses in the case of image quality measurements with phantoms.
V. PHANTOMS
The described statistical method can be used in various applications with phantoms of different designs. 21 The gen- eral principles of building the statistical phantoms of different types used in medical imaging are described in the following. The statistical fluoroscopic test phantom for quality control of systems with in x-ray intensifier is shown in Fig. 5 . The phantom has a rotatable disk with test elements ͑simu-lators or holes͒ and a plate divided by x-ray-opaque material into several numbered sectors and concentric rings. The test elements are identical within one ring, but can be different in various rings. The disk is made from a substitute of a research object material and has the same axis as the divided plate. Rotation of the disk leads to the rapid change of test element disposition in numbered sectors. Contrast, spatial resolution, and other quality characteristics vary with the distance from the axis of the image intensifier tube. The axis of the rotatable disk coincides with the axis of the tube so the test objects in one ring are the same distance from the center of the tube independently of a turning angle of the disk.
The simple fluoroscopic phantom of such construction is produced by the ALVIM Company and distributed by Nuclear Associates, Inc. ͑N. A. model 07-650͒. Figure 6 shows a test phantom for the check of radiographic systems. Test elements are eccentrically located in tissue-equivalent disks, which can be displaced within sockets numbered by x-ray-opaque material. Each disk contains no more than one test element and can be displaced independently from other ones. The image of the disk is the same while it is revolved, but the eccentrically located test element moves. Thus, a checked area is expanded, and hence, reliability and accuracy of the examination increases. The rectangular shape of the radiographic phantom is convenient for evaluation of x-ray screen/film combination. The design of this phantom allows us to allocate more test elements in the same area than in the case of fluoroscopic phantom and, thus, allows us to carry out the measurements of detectability more precisely. One can use the same phantom with disks of different material and different test elements according to demanded conditions of a task. 22 The described ideas are assumed as a basis of design of the ALVIM phantom for conventional radiography ͑N. A. model 07-750͒ and mammographic ALVIM phantom ͑N.A. model 07-651͒.
Phantoms of any given shape with fixed test elements can also be used for realization of the statistical method. A phantom of that type has to comprise simulators of pathologies and be divided into areas by a separate plate which can be put on the phantom arbitrarily. Thereby, each area of the plate must contain no more than one simulator.
It is also possible to use the phantom comprising separate objects which contain test elements. Figure 7 illustrates a design of a statistical phantom intended for testing scanning systems for ultrasound diagnostics, computed tomography, or magnetic resonance imaging. The Contrast/Detail Ultrasound Phantom described in U.S. Patent No 4,331,021 is a prototype of this construction. 23, 24 The statistical phantom consists of a box comprising a row of conical targets. The box is made of the substitute of a research material which is chosen corresponding to the kind of employed diagnostics. The phantom has one or more groups of identical test elements ͑targets͒ which may be displaced. For identification of phantom areas on the output image there are several measuring scales made of monofila- 
VI. DISCUSSION
For day-to-day quality control of imaging equipment in hospitals or manufacturing workshops the problem of simple and quick image quality evaluation became very important. Division of observer's answers into five categories by the proposed method considerably facilitates data processing. The probabilities P det , P(Y /s), and P(Y /n) are easily calculated according to formula ͑11͒ in just a few seconds. For the express assessment one can use the described statistical phantoms and only two response categories: ''yes'' and ''no,'' i.e., the observer should point out exactly where the test elements are. In this case the accuracy can be defined by the formula P det ϭh/n, where h is the total quantity of true answers, positive or negative, and n is a number of phantom areas examined by the observer. For ALVIM phantoms P det ϭ0.1 h.
In the case of quality control of equipment a test element is assumed to be distinguished if P det у0.9. Provided that P det Ͻ0.9 the probability of guess-work is too high, but a very strict selection reduces the value of the statistical method. Thus, the minimum simulator size detected with P det у0.9 is the measure of imaging system detectability. Hence, the two wrong answers when the ''yes-no'' method is used, lead to negative results of testing. In order to ensure an imaging system's quality in the case when P det Ϸ0.9, the disposition of test elements in phantoms should be changed and experiment must be repeated.
On the other hand the observer's confidence in simulator presence can be expressed by any percentage from 0 to 100, i.e., can be divided into any large quantity of categories. Formulas ͑9͒ or ͑11͒ for calculation of probabilities in such multirating method remain the same.
If the quantity m of areas with simulators is known to the observer, and the quantity of empty areas is lϪm m then the reliability of the statistical method decreases. For example, when mϾlϪm and all answers of the observer are ''yes,'' then P det Ͼ0.5. If mϭl/2, then P(Y /s)Ϸ P(Y /n), i.e., ⌬B d Ϸ0, and as it follows from Eq. ͑8͒ P det ϷP(Y/s). It can be shown that in this case real accuracy P det gets its maximum for a given signal-to-noise ratio ⌿ of apparatus/ observer system. The graph of function P det ϭf(⌿) when ⌬B d ϭ0 is shown in Fig. 8 .
The case of P det Ͻ0.9 may be a result of a deficiency in equipment performance, wrong choice of its operating mode or of experimental conditions, or too high a demand on the equipment or poor observer performance. Therefore, by the quality examination of one link of an imaging system the other parts of it should work satisfactorily in given conditions of the experiment.
With the suggested method and statistical phantoms, a radiologist is capable of testing a complete imaging chain, to adjust and tune medical imaging equipment, ensure correct technical settings, accurately adjust the radiation dose per image for digital systems, 22 select optimum distance to a video-control display, and properly adjust exam room illumination. The phantoms and method are very useful for teaching and training of operators and physicians. A radiologist taking part in the testing with statistical phantom knows that the results of his evaluation will be checked immediately. Certainly, the radiologist would want to show the best result which by indirect way reflects his/her vision, experience, and professional skills. Therefore, the radiologist would carry out, without being reminded, the operations that are not often carried out during the routine diagnostic procedure: he/she would accurately adjust contrast and brightness of the imaging system output screen with appropriate controls, select optimum monitor viewing distance, and adjust the illumination of his working area.
Other important characteristics of diagnostic capability of medical imaging system can be defined on the basis of detectability. So, the radiation sensitivity can be defined as the inverse value of the minimum radiation intensity provided the given detectability. A dynamic range of the system can be determined as the ratio of maximum to minimum intensity of radiation at the detector, and the inertness of the system as a maximum speed of test object movement when the given detectability is provided.
